Visceral adipose tissue-derived serine protease inhibitor (vaspin) or SERPINA12 according to the serpin nomenclature was identified together with other genes and gene products that were specifically expressed or overexpressed in the intra-abdominal or visceral adipose tissue (AT) of the Otsuka Long-Evans Tokushima fatty rat. These rats spontaneously develop visceral obesity, insulin resistance, hyperinsulinemia and -glycemia, as well as hypertension and thus represent a well suited animal model of obesity and related metabolic disorders such as type 2 diabetes.
Vaspin structure and inhibition mechanism
1.1. Serpin mechanism Based on a sequence homology of ~40% with anti-trypsin, vaspin was proposed to belong to the serpin family [1] . The name serpin refers to the main function of this family as specific serine protease inhibitors (reviewed in [2] ). The fold of inhibitory serpins is highly conserved and consists of three β-sheets (A-C), nine α-helices and, at the top of the molecule, a flexible, cleavable reactive center loop (RCL) which contains the protease recognition sequence. As a specific feature of the native state of inhibitory serpins, the central β-sheet A is composed of five β-strands [3] .
To initiate the inhibition reaction, the target protease recognizes its specific sequence in the RCL to form the non-covalent Michaelis complex. This orients the RCL into the active site of the target protease with the scissile bond (between P1 and P1') located in close proximity to the catalytic triad. Additional to interactions of the RCL with the target protease, the complex can also be stabilized by interactions outside the active site. Such interactions are referred to as exosites which are exploited by serpins to refine their specificity as well as to enhance their inhibition rate towards respective target proteases and can even compensate for possible detrimental effects resulting from an unfavorable RCL sequence (reviewed in [4] ).
Hydrolysis of the peptide bond is initiated by the acylation reaction during which a covalent acyl-enzyme intermediate is formed between the catalytically active serine of the target protease and residue P1 which constitutes the N-terminal fragment of the now cleaved RCL.
Before the reaction cycle is completed via the subsequent deacylation reaction, the RCL performs a fast movement and incorporates into the central β-sheet A as the sixth strand [5, 6] .
Simultaneously, the RCL-bound protease is delocalized from the top of the serpin to the bottom by approximately 70 Å [7] . As a consequence of the inhibition mechanism, the reactive center is severely distorted which prevents dissociation of the covalent complex [8, 9] .
Additionally, more distant parts of the target protease might become disordered [8] , making the complex susceptible to proteolytic digestion [10, 11] . In vivo, serpin-enzyme-complex (SEC) receptors located on the cell surface can bind serpin-protease complexes and mediate clearance from the circulation [12, 13] .
As the movement of the RCL is not reversible, the serpin inhibition mechanism represents a suicide-substrate mechanism [14] . Thus, the protease may escape inhibition, if the peptide bond is hydrolyzed before the RCL is completely incorporated. For very efficient inhibition reactions the stoichiometry of inhibition is ~1, while for other more substrate-like reactions the SI is >1, and the SI represents an additional regulatory aspect to fine-tune protease activity [2] . Serpins might also behave as substrate as a result of mutations which impede efficient and fast RCL incorporation [15, 16] . For vaspin, mutants T365R and A369P represent noninhibitory variants [17] and our data indeed revealed that RCL insertion is significantly slowed down but still takes place [18] .
Crystal structures of native and cleaved vaspin
To further elucidate the molecular mechanism underlying vaspin protease specificity and regulation of inhibitory action, four different crystal structures of human vaspin have been determined. This includes structures of the wt [17] and two mutants (E379S and D305C/V383C) [19] in the native uncleaved state as well as of the wt in the cleaved state [18] .
Notably, rat and murine vaspin share high sequence identities with the human protein (61.5% or 62.6% amino acid identity, respectively) and thus conclusions drawn from structures of human vaspin are likely relevant and true for the rodent vaspin proteins as well. The same holds true for known important residues and protein domains that will be discussed in the following paragraphs (e.g. RCL and cleavage site, exosites and heparin binding site) and which are also conserved in mouse and rat vaspin.
The structures of vaspin in the native state display the highly conserved structural elements of inhibitory serpins with a largely unresolved flexible RCL [3] ( Figure 1A ). However, compared to most other crystal structures of inhibitory serpins, the C-terminal part of the RCL (T375 -E379; residues P4 -P1' including the protease cleavage site) is defined by electron density and appears more rigid. The vaspin RCL is cleaved between M378 (P1) and E379 (P1') as described in more detail below [17] . In the native structure, residues E379 (P1') and T380 (P2') of the RCL interact with R302 of β-sheet C via a salt bridge and a water-mediated hydrogen bond, respectively. By manipulation of the RCL sequence via introduction of a serine at P1' (E379S) and an artificial disulfide bridge in proximity to the scissile bond (D305C/V383C), the flexibility of the C-terminal part of the RCL was enhanced as shown in the crystal structures.
An inherent feature of serpins in the native inhibitory state is their "poised ready" metastable conformation [20] which provides the basis for the tremendous conformational changes during transition into the thermodynamically favored RCL-cleaved state [21] [22] [23] . The fold of RCL-cleaved serpins is also highly conserved and resembles that of the protein in the covalent complex [8, 9] . The crystal structure of cleaved vaspin was determined in 2016 [18] .
Common to other structures of cleaved serpins, the N-terminal part of the RCL now makes a turn in the so called hinge region (residues P15 -P9) and joins the central β-sheet A as an additional strand ( Figure 1B, lower box) whereas the C-terminal cleavage site residues remain flexible and are thus partially unresolved in the crystal structure ( Figure 1B , upper box). The hinge region in serpins comprises a highly conserved GTEGAAx 1 T sequence (P15 -P8; G 364 TEGAAGT 371 for vaspin) which is fundamental for the observed conformational mobility [24] . Additionally, residues of the breach region, which is located at top of β-sheet A and is the point of initial strand insertion, form a number of partially conserved interactions with hinge region residues described further below in more detail. Mutations in both regions mostly have adverse effects on the inhibitory activity of serpins [25, 26] . In contrast, residues 372 -378 (P7 -P1) are not conserved among inhibitory serpins and accordingly, the environment of these amino acids is less constrained in vaspin with M378 (P1) as the last residue of the inserted strand being solvent exposed ( Figure 1B , lower box) [18] .
The metastable nature of inhibitory serpins allows these proteins to undergo large conformational changes but on the other hand makes them prone to inactivation by polymerization or latency transition without prior cleavage of the RCL. In these states, the RCL is not accessible for the target proteases, resulting in non-inhibitory serpins [27] . In contrast to several other human inhibitory serpins, native vaspin represents a remarkably thermostable serpin with only little tendency towards these inactivation mechanisms [19, 18] .
In this regard, key features in the breach and hinge region were identified which may support this behavior and the most noticeable will be described in the following. As mentioned above, the breach region is located at the upper part of s3A and s5A and in vaspin, recalls the picture of a 'partial opened zipper'. In this region, a conserved FKGx 1 Wx 2 x 3 x 4 F sequence (F 210 RARWKHEF 218 for vaspin) forms a prominent surface groove in which residues R363 -E366 (P16 -P13) of the RCL hinge region are rigidly embedded ( Figure 1A , middle box). This may prevent latency transition or polymerization of native vaspin. In both, the native and the RCL-cleaved state, R310 forms a salt bridge with E362 (P17) such that E362 determines the end of s5A and provides a hinge point for insertion of the new s4A ( Figure 1A , middle box, Figure 1B , middle box). E362 is strictly conserved among inhibitory serpins and mutation of this residue (E342K, Z-variant) is responsible for 95 % of all clinically recognized α 1-antitrypsin (α 1 AT) deficiency cases [28] . The acute-phase protein α 1 AT is produced mainly in the liver and functions as a major inhibitor of various proinflammatory proteases such as neutrophil elastase or cathepsin G. The Z-variant of α 1 AT is prone for misfolding, latency and polymerization and is associated with cirrhosis or hepatocellular carcinoma [29] . Furthermore, R363 (P16) interacts with D361 and this salt bridge may prevent pre-insertion of the RCL into the open void between s3A and s5A ( Figure 1A , middle box) in the native state of vaspin [18] .
However, until now, we can only speculate whether these interactions play major roles in the remarkable thermostability of vaspin and respective follow-up studies are necessary to verify our hypothesis.
Tested and Targeted Proteases
The finding of ~40% sequence identity of vaspin with the bona-fide serpin anti-trypsin suggested affiliation with the large serpin family of proteinase inhibitors and initiated the search for target proteases, as these (in addition to the serpin itself) represent promising, potentially new and direct drug targets which may lead to novel therapeutic strategies for the treatment of obesity and its related metabolic and cardiovascular diseases [30, 31] .
Vaspin did not inhibit well-known serine proteases, such as trypsin, elastase, urokinase, factor Xa, collagenase and dipeptidyl peptidase [32] . We later screened selected members of the kallikrein family (KLKs) and we found KLK7 to be inhibited by vaspin via the classical serpin mechanism. The closely related kallikreins KLK4 and 5 were not inhibited [17] . KLK7 is a chymotryptic serine protease that was initially identified in skin where it is involved in the skin desquamation process [33] and aberrant activity of KLK7 is related to the pathogenesis of inflammatory skin diseases such as psoriasis [34] and acne rosacea [35] . Furthermore, the trypsin-and chymotrypsin-like protease KLK14 was recently identified as the second member of the kallikrein family that is targeted by vaspin [36] . KLK14, together with the main players in KLK7 and KLK5, is also involved in skin desquamation [37] .
Determinants of specificity -RCL sequence and exosites for KLK7 inhibition
The scissile bond within the vaspin RCL is located between a methionine and a glutamate residue and this P1′ glutamate stands out when investigating potential protease targets of vaspin, as it is a highly unusual residue at this position and likely determining protease specificity. Measuring the inhibition kinetics for KLK7 by vaspin revealed a rather slow inhibition reaction with a second order rate (k i ) of 7.3 x 10 3 M -1 x s -1 , when compared with k i values in the range of 10 6 M -1 x s -1 for other serpin-protease pairs [17] .
Using a synthetic combinatorial peptide library, Debela et al. investigated the S4-S1 specificity of KLK7 and demonstrated chymotryptic-like specificity with a preference for the residues Tyr, Ala and Met at the P1 position (in that order) [38] . The KLK7 specificity profile was expanded by Oliviera et al. to the S1'-S3' sites using soluble FRET peptide libraries. This study confirmed Tyr residues to be preferred at P1 and the preference for hydrophilic amino acids, particularly Arg at P1' [39] . These data implicate the vaspin RCL sequence of TPM-ETP (from P3 to P3') as a rather unfavorable cleavage site. Indeed, a peptide comprising the RCL sequence is not cleaved by KLK7 [19] . In line with these findings, the E379S mutant with a more favored serine residue in P1 has a significantly increased k i value of 4 x 10 5 M -1 x s -1 for KLK7 [19] . These data clearly demonstrate that E379 is the major negative regulatory element purposely limiting the rate of inhibition while also increasing specificity. This seems of great importance with respect to the low serum levels and distinct expression pattern of vaspin.
As discussed above, in the crystal structure of native vaspin we were intrigued by a potential ionic interaction between the P1' residue E379 and R302, which is located in close proximity of the RCL. This interaction resulted in a rather constraint C-terminal part or the RCL including the cleavage site. With the intention to increase flexibility of the RCL, we mutated R302 but found these vaspin mutants, R302A and R302E, to be fully inactive. In contrast to inactive substrate mutants vaspin A369P or T365R [17] , these mutants were not cleaved by KLK7, indicating R302 as an essential exosite, enabling KLK7 inhibition and further ensuring specificity [19] . In addition to the positive exosite R302, the negatively charged D305 in close proximity to the RCL is suppressing KLK7 inhibition, as the mutant D305A exhibits an 8-fold increase in inhibition rate [36] . The second protease KLK14 has the same cleavage site within the vaspin RCL (after M378) and is inhibited with a ki value of 1 x 10 3 M -1 x s -1 . Interestingly, inhibition of KLK14 is not dependent on the exosites that enable or regulate KLK7 inhibition (R302 and D305, respectively) [36] .
Very likely, further exosites are contributing to the specificity of vaspin towards its protease targets and future work on the structural elucidation of vaspin in the Michaelis complex with these proteases is needed to fully understand the regulatory elements.
Vaspin cofactors and non-protease interacting proteins
Many serpins (and their respective target proteases) are able to bind to glycosaminoglycans (GAG) such as heparin, heparan sulfate or dermatan sulfate. Binding of these cofactors enables formation of ternary complexes, with the GAG molecule bridging serpin and protease (for a model see Figure 2 ), and induces Michaelis complex formation and thus accelerates protease inhibition [4] .
Vaspin and KLK7 are both able to bind heparin [19] and KLK7 is furthermore moderately activated by heparin [39] . Vaspin has a high affinity for heparin (K D of 21 nM) but it does not bind other GAGs such as dermatan sulfate or chondroitin sulfate. Inhibition of KLK7 by vaspin was accelerated 5-fold upon addition of heparin and a bell-shaped dose strongly suggested the template/bridging mechanism as underlying mechanism [40] .
Most heparin-binding serpins interact with the GAG molecule via basic residues of the D-helix or H-helix ( Figure 2 ). While vaspin is a highly basic protein with a pI of 9.3, there is only one large basic patch that is located on top of the central β-sheet A (Figure 2A , lower box).
Mutations of basic residues K359 and R211 within this patch decreased heparin affinity (K D ~1 µM) and reduced heparin-mediated acceleration of the inhibition reaction by ~40% [40] . While the heparin-boost in KLK7 inhibition was moderate, cofactor binding at this site did not impede the serpin inhibition mechanism, i.e. insertion of the RCL into sheet A, and the SI in the presence of heparin remained unaltered [40] . Furthermore, the presence of heparin did not accelerate inhibition of KLK14 but impeded complex formation with vaspin [36] .
To investigate whether heparin binding of vaspin has physiological relevance in addition to regulating serpin-protease interaction, vaspin expressing HaCaT cells [41] were used to analyze potential localization of vaspin in the extracellular matrix (ECM). Indeed, a high-salt wash or heparinase treatment of these cells increased vaspin levels measured in cell culture supernatants indicating that a significant amount of vaspin is localized in the ECM of cells [40] .
High concentrations of vaspin were also found in the membrane fractions of liver tissue lysates of transgenic vaspin mice where it is co-localized with α-2-macroglobulin, an important inhibitor of ECM degrading matrix metalloproteases [42] . Furthermore, with the 78 kDa glucose-regulated protein (GRP78) a first non-protease interaction partner of vaspin was identified using tandem-affinity tag purification in HepG2 liver cells [42] . Interaction studies using chimeric vaspin-antitrypsin proteins (vaspin /AT254-417 or AT /vaspin 250-413 ) indicate that GRP78 is likely bound via the helical domains of the vaspin N-terminus and not via the RCL region [42] . The binding site of vaspin in the GRP78 molecule remains unclear. Binding was impaired by antibodies against N-and Cterminal domains of GRP78 as well as high concentrations of α-2-macroglobulin [42] , which interacts with N-terminal residues of GRP78 [43] .
GRP78 is primarily known as an endoplasmic reticulum (ER) chaperone protein and important player in the unfolded protein response [44] . In recent years, GRP78 was also found on the cell surface of various tissues interacting with a variety of protein and peptide ligands (reviewed in [45] ). Together with GRP78, likely functioning as a tissue-specific signaling hub, vaspin was found to be co-localized with the DnaJ-like protein MTJ1 in liver tissue [42] and with the voltage-dependent anion channel (VDAC) in human aortic endothelial cells [46] .
It has been shown that the interaction of GRP78 with MTJ1 is necessary for translocation of GRP78 from the ER to the plasma membrane [47] where this complex also is a receptor for activated α-2-macroglobulin [48] and mediates intracellular signaling via PI3-kinase, AKT and NFkB [45] . In endothelial cells, GRP78 together with VDAC serves as a receptor for kringel 5 (K5) [49, 50] to increase intracellular Ca 2+ levels and apoptosis [51] . Binding of vaspin to GRP78 prevented apoptotic K5 effects while inducing anti-apoptotic intracellular signaling cascades via AKT kinase [46] . Vice versa, GRP78 binding was impaired and beneficial vaspin effects were decreased by K5. While the changes of intracellular Ca 2+ levels are mediated by binding of K5 to VDAC [52] , K5 is able to bind both, GRP78 and VDAC, and thus the binding site of GRP78 for vaspin remains unclear.
Investigation of liver tissue plasma membrane binding using 125 I-labelled vaspin revealed a high-affinity K D of 22 nM, which is in the same range for heparin. Binding affinity to plasma membranes was not decreased by siRNA mediated GRP78 knock-down, though the maximum binding capacity was slightly reduced [42] .
Together, these experiments indicate high affinity binding of vaspin to plasma membranes and the various intracellular signaling cascades activated by recombinant vaspin in in vitro cell models may in parts be mediated by binding of ECM GAGs or direct interaction with GRP78 and other molecules ( Figure 3 ). Along these lines, GAG binding may direct and regulate vaspin activity as a serpin or as a ligand for cell surface molecules and non-heparin binding vaspin mutants as well as a better understanding of the interaction between vaspin and GRP78 will help to delineate these mechanisms.
Glycosylation
Human vaspin has three sites for N-linked glycosylation with the consensus motif Asn-X-Ser/Thr (N221, N233 and N267) ( Figure 2 ) and all of them are utilized when vaspin is expressed in eukaryotic expression systems [53] . For various serpins, these glycan modifications have been shown to be of great importance with respect to serpin secretion or plasma stability, serpin activity, inactivation via polymerization/aggregation and the interaction with GAGs. In contrast to other serpin glycoproteins, two of these glycosylation sites are located in close proximity to the RCL and near domains important for the extensive conformational changes underlying the serpin inhibition mechanism (Figure 2 For human vaspin, glycosylation does not alter anti-protease or more specifically anti-KLK7 activity and while the affinity for heparin is slightly reduced, heparin still accelerates the protease-inhibition reaction [53] . Glycosylation seems to be important for proper vaspin secretion. While intracellular expression of the glycan-null mutant in HEK cells was similar to wild type vaspin, secretion into cell supernatant was very low [53] . An important function of protein glycosylation is related to protein stability in the circulation. And while vaspin serum stability has not been thoroughly investigated, in vitro serum stability tests using fluorescently labelled vaspin derived from E. coli indicated high serum stability also for unglycosylated vaspin [53] .
Importantly, consistent in vitro and in vivo findings have been reported in studies using unglycosylated (expressed in E. coli cells) or glycosylated (expressed in HEK293 cells) recombinant vaspin. It remains to be investigated whether physiologic functions of the glycoprotein vaspin are dependent or specifically affected by glycosylation.
Physiology of Vaspin

Tissue expression of vaspin
As mentioned above, Hida et al. identified vaspin mRNA as specifically expressed in visceral AT of the Otsuka Long-Evans Tokushima fatty (OLETF) rat and later reported the circulating form as a putative member of the serpin family [1, 32] . In the OLETF rat, vaspin expression in visceral AT and vaspin serum concentration were highest when insulin resistance and obesity reached their peak and then decreased with the exacerbation of diabetes and concomitant body weight loss [32] . In Wistar rats, an animal model for diet-induced obesity (DIO), vaspin expression was observed in visceral as well as subcutaneous AT, but vaspin mRNA levels and protein expression were higher in the visceral depot and positively correlated with body weight [54] . Furthermore, increased vaspin expression was accompanied by elevated serum leptin levels [54] .
In the first study investigating vaspin expression in human AT, vaspin mRNA expression was analyzed in 196 subjects, that comprised a wide range of BMI and insulin sensitivity, and included paired samples of visceral and subcutaneous AT [55] . Vaspin mRNA expression was only detectable in 23 % of the visceral AT samples and in 15 % of the subcutaneous AT samples, and an absence of vaspin expression was most frequent in healthy and lean subjects (BMI < 25). Multivariate regression analysis revealed increased body fat mass as the strongest predictor for visceral vaspin gene expression, while in subcutaneous AT, insulin sensitivity was the most powerful predictor for vaspin expression [55] . These data give further indications, that vaspin expression is induced by increased body weight, impaired glycemic control and metabolic syndrome and as such may represent a compensatory molecule in obesity, and related disorders such as inflammation and insulin resistance [30] .
In a cohort of normal weight Korean women (mean BMI of 24), vaspin gene expression was found to be significantly greater in the adipocyte fraction than in the stromal vascular fraction of visceral (omental) adipose tissue [56] . Also, in the 40 subjects analyzed by computed tomography scan, vaspin expression was higher in the subcutaneous AT compared to the visceral. In contrast to the study of Lee et al. [56] , a comparison of mRNA distribution of different proteins isolated from human omental AT of morbidly obese women (mean BMI of 46) undergoing bariatric surgery, demonstrated that vaspin is, in addition to preadipocytes and differentiated adipocytes, predominantly expressed in nonfat cells of the stromal vascular fraction [57] . In the OLEFT rat, Western and Northern Blot analysis of vaspin expression in subcutaneous and intra-abdominal AT depots clearly showed that vaspin mRNA as well as protein are expressed primarily in the adipocyte fraction and marginally in the SVF [32] . Vaspin is furthermore significantly expressed in brown adipose tissue (BAT) and brown adipocytes [58] .
Importantly and in addition to ATs, multiple studies have demonstrated expression of vaspin in various other tissues, such as human skin [59, 60] , liver, pancreas [61] , placenta [62] , stomach, the cerebrospinal fluid and the hypothalamus of ob/ob and C57BL/6N mice [63] .
using different methods including qPCR, Western and Northern blots, ELISA and immunohisto chemistry. To obtain comparable expression data we have recently analyzed tissue-specific expression in mice and found highest expression levels of vaspin in skin, liver and brain compared to modest expression in ATs, spleen and low or non-detectable expression in bone marrow, muscle and kidney [58] .
Serum levels of vaspin
Average vaspin serum levels in healthy subjects range from 0.18 to 1.55 ng/ml (meta-analysis in [64] ) and a subpopulation of ~7% of the Japanese and ~1% of a European population exhibit vaspin levels of >10 ng/ml and up to >30 ng/ml [65] . Elevated vaspin serum levels in humans were shown to be associated with body-mass-index and insulin resistance [66, 65] and low vaspin serum concentrations represent a risk factor for the progression of type 2 diabetes (T2D) [67] . A number of studies found higher vaspin serum levels in obese [68, 69] and T2D patients [70, 65] but others could not confirm these results [66, [71] [72] [73] . Due to the inconsistency of data, Feng et al. performed a large scale meta-analysis to evaluate the relationship between vaspin serum levels, obesity and T2D [64] . The meta-analysis addressing the relationship between vaspin serum levels and obesity enclosed six studies comprising 1833 participants and revealed a significantly increase of vaspin levels in obese patients with a mean difference of 0.51 ng/ml compared to non-obese controls. With respect to T2D, 1500 participants from 11 studies were included and also here vaspin serum levels were significantly higher in T2D patients with a mean difference of 0.36 ng/ml vaspin between groups. In conclusion, these analyses confirmed the presence of higher vaspin serum levels in obese and T2D patients [64] .
With 24 h serum profiles, Jeong et al. addressed the influence of circadian rhythms on vaspin serum levels in healthy human subjects [72] . They observed a diurnal rhythm comprising a preprandial rise and postprandial fall of circulating vaspin levels with a nadir at midafternoon and a nocturnal peak reaching 250% of the minimum levels. This rhythm was reciprocal to insulin levels and following the post-prandial rise of insulin levels vaspin serum levels decreased to a minimum. To exclude meal-related from circadian influences, 24 h profiles were also analyzed in fasting patients as well as patients fed meals at unexpected times. In fasting patients, vaspin levels appeared to reach a maximum in the mid-afternoon and again unexpected meal ingestion caused suppression of vaspin serum concentrations subsequent to the postprandial insulin peak. Yet, the decrease of vaspin levels in the morning was still present in fasted patients, although delayed and with a lower amplitude. These data may indicate that vaspin levels are in part driven by a circadian clock [72] . levels (>2.5 ng/ml at baseline) and a gradual increase in vaspin levels in a subgroup of lowvaspin levels (<2.5 ng/ml at baseline) over 12 months after biliopancreaticdiversion/duodenal-switch bariatric surgery [76] . Overall, patients with high vaspin levels had the better metabolic profile throughout the study.
Results on vaspin regulation by weight-loss due to life-style intervention are more consistent and vaspin levels were decreased with weight-loss after short-term dietary intervention [77] , after long-term weight loss intervention (independent from type of diet) [78] . Also, after 12 weeks of caloric restriction in combination with physical activity and orlistat administration vaspin levels were decreased, though only in the responder group with >2% weight loss [79] .
Obese patients diagnosed with polycystic ovary syndrome (PCOS) are at higher risk for impaired glucose tolerance, insulin resistance, dyslipidemia and T2D. Serum vaspin levels were significantly higher in PCOS patients compared to healthy subjects (2.02 ng/ml versus 0.28 ng/ml; p=0.048) [80] . Interestingly, six months of dietary intervention in combination with metformin or orlistat treatment did not affect vaspin serum levels in both lean and obese patients with PCOS [80] .
Studies investigating genetic variation identified a number of SNPs within and around the SERPINA12 gene that affect vaspin serum levels [65, 81, 82] . Thus, the rare functional vaspin variant rs61757459 results in a stop codon causing lower circulating vaspin concentrations [82] while the minor allele sequence A of rs77060950 accounts for higher serum levels in 7% of the Japanese population [65] . With respect to genetic risk variants, a significant association of the SNP rs2236242 with T2D was identified in the German KORA study that was independent of obesity [83] .
Clearance of vaspin and vaspin-protease complexes from the circulation remains unknown.
Vaspin levels have been measured in patients on chronic hemodialysis and were similar to control patients indicating that vaspin is likely not cleared in the kidneys via renal excretion [71] . Many serpin-enzyme complexes of serpins such as α1AT, ATIII or HCII are rapidly cleared from the circulation via the low density lipoprotein receptor-related protein 1 (LRP1) expressed on hepatocytes in the liver [84, 85] . It is unknown if vaspin-protease complexes can bind and be cleared via this receptor. In addition, vaspin interaction with GRP78 or other cell surface receptors in the liver and/or other tissues, as well as vaspin redistribution into the ECM may also contribute to vaspin clearance from the circulation. Furthermore, cell-surface or ECM localization of vaspin may contribute to the inconsistencies observed in many studies measuring circulating vaspin levels and also may disguise or complicate the finding of associations of circulating vaspin levels with aspects of the metabolic syndrome [86] , although the many beneficial vaspin effects investigated on the cellular or tissue level seem to be indicative of those observations.
Gene regulation by nutrients
Body fat content and metabolism are mainly determined by total energy expenditure and energy intake, but the dietary macronutrient composition plays a crucial role in promoting related diseases such as the metabolic syndrome [87] . Dietary regulation of various adipokines has been investigated in many studies, demonstrating nutrition effects on adipokine expression and circulating levels (reviewed in [88] ).
In order to address nutrient-specific effects on vaspin, we analyzed vaspin expression in mice fed matched low glycemic, high-fat or high-sugar diets [58] . Vaspin mRNA expression is unaffected in subcutaneous and visceral white AT depots, but was significantly enhanced in BAT and liver after both obesogenic diets. Interestingly, mice on the high-sugar diet gained significantly less body weight and body fat compared to the HFD, indicating an effect on vaspin expression independent of body weight. Counterintuitively, vaspin plasma levels were reduced after both HFD and HSD and thus, circulating vaspin does not seem to be a suitable predictor for vaspin tissue expression [58] . In line with these findings, vaspin serum levels were also decreased in a rat model of obesity-related T2D after 6 weeks of HFD [89] .
In addition to the macronutrient itself, vaspin expression is regulated by the nutritional status.
In rats, food restriction during gestation caused an increase in vaspin placenta expression [62] and fasting periods of 24h and 48h provoke a significant decrease in visceral AT vaspin mRNA levels [90] . Serum vaspin concentrations in humans also correlated positively with restraint, hunger and disinhibition in human eating behavior [91] . In accordance, undernourishment in girls with anorexia nervosa is accompanied with higher serum levels [92] . In contrast, in a cohort of 44 underweight children lower vaspin levels were observed compared to the healthy control group [93] . And also with respect to fasting effects on vaspin, also differing results were reported in which circulating vaspin serum levels were neither affected by short-term nor by chronic energy deprivation [94] .
Gene regulation by hormones/small molecules
Leptin
This dissimilarity may result from potential fasting induced alterations in other hormone levels which in turn may influence vaspin expression. For instance, the adipokine leptin is well known to correlate with AT mass and fasting provokes a marked decrease in leptin plasma levels [95] .
Along these lines, the fasting-induced decline in vaspin mRNA levels was partially reversible by leptin in rats, indicating an interrelationship between both adipokines [90] . However, neither acute nor chronic leptin treatment had an effect on vaspin serum levels in a human study [94] .
Growth hormones Investigations in spontaneous dwarf rats, revealed the influence of growth hormones (GH) on vaspin expression with blunted gonadal AT mRNA levels in GH-deficiency.
Mentionable, these dwarf rats are characterized by lower body weight and insulin levels [90] .
As discussed above, the model used in this analysis may itself influence data.
Insulin / insulin sensitizers
In the OLETF diabetic rat model, vaspin serum levels increased after treatment with insulin and the insulin sensitizing PPARγ agonist pioglitazone [32] . Pioglitazone significantly induced vaspin protein expression and secretion in 3T3-L1 cells [75] and rosiglitazone in immortalized BAT cells [58] . PPARα agonist fenofibrate increased vaspin mRNA expression in 3T3-L1 cells, visceral AT depots in rats, as well as serum levels in rats and humans [96] . Also, chronic treatment with the insulin-sensitizer metformin significantly increased vaspin expression in gAT of rats [90] . Intriguingly, data from human studies revealed controversial results. As such, metformin treatment significantly decreased vaspin serum levels in women with PCOS [97] and T2D patients [73] . Consistent results were reported in T2D patients receiving a rosiglitazone [70] or combined rosiglitazone and metformin therapy [98] . In patients with newly diagnosed T2D, short-term continuous subcutaneous insulin infusion significantly lowered vaspin serum levels associated with improved insulin sensitivity and changes in HOMA-IR [99] . In accordance, an acute insulin bolus caused a significant drop of vaspin serum concentration in healthy individuals [100] . This is particularly interesting in the context of the already mentioned meal-related diurnal variation of vaspin [72] and supports an insulindependent decrease in vaspin serum levels independent of nutritional influences.
Thyroid hormones
Regulation of vaspin by thyroid hormones has been investigated with controversial results.
Vaspin mRNA expression in gAT of hypothyroid rats was increased while hyperthyroidism had the opposite effect [90] . A human study investigating the relationship of vaspin serum levels following weight loss by Roux-en-Y gastric bypass (RYGB) surgery reported a positive correlation between decreased thyroid-stimulating hormone (TSH) and vaspin serum levels [75] . In contrast, a study in overt and subclinical hypothyroid patients found no significant association between vaspin levels and thyroid hormone status. Vaspin levels were neither changed by hypothyroidism nor after treatment with the thyroxine analog levothyroxine [101] . Together, there is no clear evidence for a regulation of vaspin by TSH (or vice versa) or whether indirect mechanisms are involved.
Sex steroids
Analyzing gender-specific differences the majority of studies showed higher vaspin levels in females [66, 71, 99, 90, 102] while others did not [59] . Interestingly, vaspin serum levels were significantly enhanced in women using oral contraceptives [102] and also combined therapies using metformin and oestrogen/progestogen enhanced vaspin serum levels in non-obese women with hyperinsulinaemic androgen excess [103] . Elevated serum levels and omental AT expression was also observed in obese women with PCOS and dehydroepiandrosterone sulfate (DHEA-S) significantly induced vaspin protein expression and secretion in omental adipose tissue explants [97] . In children, circulating vaspin levels were higher in girls and increased with age and pubertal stage but did not correlate with sex-steroids [61] . In accordance, no differences in serum levels were found between pre-and postmenopausal women [75] and mRNA expression in gonadal white AT was neither changed in pregnant nor in gonadoectomized rats [90] . Hence, more research is necessary to clarify the underlying mechanisms leading to the observed sexual dimorphism in vaspin levels.
Recently, multiple studies investigated the relationship between vaspin and PCOS, a common endocrine disorder affecting women in the reproductive age. Also here, some studies reported enhanced vaspin serum levels in PCOS patients [97, 80, 104] while others found no association [105, 106] . It is important to note, that PCOS is often associated with insulin resistance, obesity or T2D [107] , i.e. parameters with direct effects on vaspin levels and the variability in the data may arise from inhomogeneous study cohorts and also applied diagnostic criteria [108] .
Multifaceted and tissue-specific functions of vaspin -in vivo and in vitro data
Vaspin and obesity related insulin-resistance
In their pioneering study following the identification of the vaspin gene, Hida et al.
demonstrated the beneficial effect of vaspin on insulin sensitivity and glycemic control [32] . [42] . Vaspin expression was specifically induced in AT using the aP2 promotor (vaspin_tg), while the KO was a general knock-out (vaspin_KO). In line with the previous findings, transgenic overexpression of vaspin in adipose tissue of mice protected animals from HFD-induced AT inflammation and insulin resistance while KO animals displayed deteriorated metabolic functions accompanied by adipocyte hypertrophy and AT inflammation under HFD. Unexpectedly, the most striking effects of increased vaspin expression after HFD were observed in the liver. Vaspin_tg mice were protected from hepatic steatosis, with less hepatic lipid incorporation and triglyceride content and showed improved insulin signaling and reduced mRNA expression of gluconeogenic and lipogenic genes. These effects were at least in part mediated by the interaction of vaspin with cell surface protein GRP78 (see above and Figure 3 ) and reduction of GRP78 expression reduced glucose tolerance in HFD-fed vaspin_tg mice [42] .
Administration of recombinant vaspin improved glucose tolerance and insulin sensitivity in
With the identification of KLK7 as a target protease of vaspin, we investigated whether known beneficial vaspin effects on glucose metabolism in obesity may be related to inhibition of KLK7 or other proteases [17] . Importantly, inactive vaspin mutants (A369P, see above) failed to improve glucose tolerance in HFD insulin resistant mice, suggesting that this effect is at least in part based on protease inhibition by vaspin. And while hyperinsulinemic-euglycemic clamps did not show increased insulin sensitivity in vaspin treated mice, we observed increased insulin levels upon a glucose challenge in vaspin treated mice, as well as increased insulin levels in glucose stimulated and vaspin treated isolated pancreatic islets, both without increased Cpeptide levels. These data indicated that improved glucose metabolism was also independent of insulin secretion. Interestingly, vaspin and KLK7 are co-expressed in pancreatic islets, and insulin is a substrate of KLK7. Thus, the compensatory action of vaspin in obesity-related insulin resistance is likely mediated by inhibition of KLK7 and potentially further proteases, thereby regulating insulin degradation and increasing insulin half-life ( Figure 3 ) [17] .
Following up, we generated an AT-specific Klk7 KO mice to investigate the role of KLK7 in AT, obesity and insulin resistance. AT-Klk7-KO mice gained less weight under HFD with expansion of predominantly subcutaneous fat and improved insulin sensitivity [109] . In agreement with improved insulin sensitivity, HFD-induced local (in AT) and systemic inflammation was significantly reduced. As a consequence of reduced expression of proinflammatory cytokines, such as interleukine (IL)-1β, IL-6 and monocyte chemoattractant protein-1 (Mcp-1) , an increased number of AT macrophages of the anti-inflammatory M2 type was present in AT of AT-Klk7-KO mice. Furthermore, indirect calorimetry revealed that KLK7 deficient HFD mice exhibit increased energy expenditure and food intake, which may be due to lower circulating leptin serum levels [109] . Yet, further research is necessary to identify the physiological substrates of KLK7 in AT which contribute to the improvement of inflammation and insulin sensitivity. Many of the inflammatory cytokine candidates have already been identified as substrates of KLK7, such as IL-1β, chemerin, midkine or MMP-9 and may be relevant in the process. Together, these data demonstrate a previously unknown role of KLK7 in obesityrelated inflammation of AT and insulin resistance ( Figure 4 ) and suggest specific small compound KLK7 inhibitors as promising therapeutic molecules to combat obesity-related metabolic diseases.
Vaspin in adipose tissue
In the AT of HFD-induced obese and insulin resistant mice, administration of intraperitoneal (i.p.) vaspin resulted in an improved expression profile of genes associated with AT inflammation and insulin resistance such as leptin, resistin, Tnf-α and glucose transporter-4 [32] . Transgenic overexpression of vaspin in AT of mice resulted in ameliorated local AT inflammatory gene expression and also in reduced systemic IL-6 levels both under chow and HFD diet [42] . Also, HFD-induced adipocyte hypertrophy was lower in vaspin tg mice, while vaspin KO increased adipocyte diameters also under chow diet [42] . This lead to the hypothesis that vaspin may act as a compensatory molecule against AT inflammation and insulin resistance in obesity. A few studies have since addressed auto-or paracrine functions of vaspin on adipocytes. However, we did not observe effects of vaspin on adipogenesis and lipid incorporation using 3T3-L1 cells with exogenous vaspin treatment as well as stably overexpressing Vaspin_3T3-L1 cells [111] .
Results of vaspin effects on adipogenesis and lipid incorporation into
Chronic treatment with vaspin during differentiation of 3T3-L1 cells decreased the mRNA expression of the pro-inflammatory cytokine Il-6 and increased Glut-4 expression [110] .
Furthermore, vaspin overexpression in 3T3-L1 cells significantly reduced inflammatory
cytokine action in these cells [111] . IL-1β-induced mRNA expression of Mcp-1 and Il-6 and secretion of IL-6 and TNF-α was significantly diminished in the vaspin-expressing adipocytes.
These effects were likely mediated by blunted intracellular NFκB-signaling due to decreased phosphorylation of the upstream kinase IKKα/β and the NFκB-inhibitor IκB following IL-1β treatment in vaspin expressing adipocytes [111] .
In addition, we found significantly increased AKT phosphorylation after insulin-stimulation of vaspin overexpressing differentiated 3T3-L1 adipocytes [111] . AKT phosphorylation was not different under basal conditions in these cells, though Liu et al. observed a slight increase in basal AKT phosphorylation in premature 3T3-L1 cells after short term vaspin treatment [110] .
Taken together, vaspin seems to have direct anti-inflammatory effects on adipocytes which may contribute to improved insulin sensitivity and glucose uptake (Figure 4 ). However, the mechanism underlying the induction of intracellular signaling cascades, whether protease mediated or via direct interaction with cell surface receptors or both, remain unclear.
Vaspin in brown adipose tissue and thermogenesis
Within the last years, brown adipose tissue and especially its recruitment and activation came back into the focus as a new therapeutic target to combat obesity and ameliorate metabolic diseases (reviewed in [112, 113] ). The dominant regulator of BAT activation is cold-sensing by the central nervous system, initiating a sympathetic outflow that stimulates the release of noradrenaline (NA). NA than agonizes adrenergic receptors on brown adipocytes and triggers the activation of signaling cascades resulting in expression of thermogenic genes. Besides cold, activation of BAT and non-shivering thermogenesis was also shown to be achieved by nutritional factors [114] and a plethora of physiological and pharmacological agents (reviewed in [115, 116] ).
In this context, a microarray study comparing intrinsic differences in cold induced gene expression of murine white and brown adipose depots disclosed vaspin under the top upregulated genes after cold exposure in BAT [117] . In our studies, we could confirm that vaspin mRNA and protein expression is specifically enhanced in activated BAT of mice subjected to either cold or diabetogenic diets [58] . In accordance, vaspin mRNA expression was significantly higher in immortalized brown compared to white adipocyte cell lines and further increased during adipocyte differentiation. Interestingly, β-adrenergic stimulation by NA and by the β(3)-adrenergic agonist CL316,243 failed to induce vaspin expression in vitro.
Methylation analyses within the vaspin promoter further identified acute epigenetic changes in BAT upon cold exposure that may contribute to elevated vaspin mRNA expression. Notably, vaspin plasma levels where decreased upon BAT activation [58] . In light of BAT thermogenesis and AT browning as current targets to tackle obesity and diabetes, the dynamic and BATspecific regulation of vaspin is a promising starting point to further investigate functional relevance of vaspin in BAT as well as in BAT function.
Vaspin in vascular cells
Multiple lines of evidence over the last years have established the role of vaspin in improving the function of endothelial and smooth muscle cells under hyperlipidemic, hyperglycemic and proinflammatory conditions associated with obesity and insulin resistance by counteracting vascular inflammation and oxidative stress.
Chronic inflammation in obesity results in AT dysfunction and the secretion of proinflammatory adipokines contributes to endothelial dysfunction. Although a first study obtained negative results, various subsequent studies revealed potent anti-inflammatory action of vaspin in endothelial cells. Initially, vaspin was shown to not inhibit TNF-α triggered inflammatory signaling pathways in human umbilical vein endothelial cells (HUVECs) [118] .
Both, acute TNF-α-induced activation of intracellular c-Jun N-terminal kinase (JNK), mitogenactivated protein kinase (p38), and NF-κB, and long-term TNF-α mediated changes in mRNA expression of cellular adhesion molecules as well as MCP-1 were unaffected by vaspin [118] .
In other vascular cells though, it was clearly demonstrated that vaspin inhibited TNF-α induced
IκBα degradation and subsequent NF-κB activation in human aortic endothelial cells (HAECs) as well as in vascular smooth muscle cells (VSMC) [119, 120] . Luciferase reporter gene assays in human endothelial EA.hy926 cells showed that vaspin decreased TNF-α and IL-1β induced NF-κB transcriptional activity, resulting in diminished expression of pro-inflammatory cytokines such as IL-1 and IL-6 [121] . Inflammatory cytokines TNFα and IL-1β induce expression of cellular adhesion molecules ICAM and VCAM, which in turn promote monocyte and platelet activation, adhesion and migration. Multiple studies demonstrated that vaspin prevented TNF-α-induced expression of intercellular adhesion molecule (ICAM), vascular cell adhesion molecule (VCAM) and E-selectin as well as MCP-1 expression which resulted in reduced monocyte adhesion [119] [120] [121] . siRNA-mediated knock down of AMP-activated protein kinase (AMPK) expression attenuated the effect of vaspin on cytokine-induced NF-κB activation and indicated the activation of AMPK as an signaling pathway [120] . Also in pulmonary artery SMC vaspin inhibited IL-1β-induced activation of matrix metalloproteinase (MMP-2) and generation of reactive oxygen species (ROS) [122] .
Dyslipidemia is a major contributor to insulin resistance and also endothelial dysfunction.
Vaspin ameliorated the apoptotic effect of increased free fatty acids (FFA) in insulinstimulated HAECS [123] . FFA such as linoleic acid (LA) decreased insulin-sensitivity and induced apoptosis and caspase 3 activity in vascular endothelial cells. Both effects were prevented by vaspin treatment. Furthermore, pretreatment with the PI3-inhibitor Wortmannin indicated that vaspin prevents FFA-induced cell death via upregulation of the PI3-Akt signaling cascade (Jung 2011) . Under hyperglycemic conditions vaspin was shown to reduced hyperglycemia (HG)-induced vascular smooth muscle cell proliferation and chemokinesis [124] . These effects were mediated by inhibition of HG-induced activation and phosphorylation of intracellular signaling pathways, such as p38-MAPK, the insulin receptor signaling axis and NF-κB signaling, leading to decreased production of ROS [124] . The effect of vaspin on insulin signaling seems to be different in smooth muscle cells compared to endothelial cells, though these alterations may also be due to the different glucose stimulation conditions (chronic vs. acute).
In T2D patients, pathological elevated serum levels of methylglyoxal (MGO), a highly reactive dicarbonyl metabolite, contribute to the formation of advanced glycation end products (AEG).
Consequently, AEGs are partly responsible for diabetes associated microvascular events, impaired insulin signaling and hinder host self-defense mechanism against vascular inflammation [125, 126] . Treatment of cultured human umbilical vein endothelial cells (HUVECs) with MGO resulted in caspase-dependent apoptosis, while pretreatment with vaspin depleted MGO-induced cell death by preventing the generation of MGO-induced ROS, activation of NADPH oxidase (NOX) and subsequent activation of caspase-3 [127] . Also, endothelial proliferation after vascular injury was ameliorated by application of vaspin or vaspin_adenovirus in streptozotocin-induced diabetic Wistar-Kyoto rats as well as in arteries of vaspin transgenic mice [46] . Vaspin treatment induced proliferation and reduced apoptosis in isolated HAEC, where the interaction with GRP78 mediated vaspin-induced activation of AKT signaling [46] . Also, sh-RNAs targeting GRP78 and VDAC inhibited the vaspin-induced AKT activation and downstream anti-apoptotic signaling. Thus, the authors suggested the vaspin-GRP78-VDAC cell surface complex as a possible key signaling hub mediating the vaspin signal into the cell with subsequent anti-apoptotic, anti-inflammatory and thus cardio-protective effects [46] . Nitric oxide (NO), generated by endothelial NO synthase (eNOS), plays the central role in vasodilatation and reduced NO-bioavailability and excessive ROS generation mainly contribute to endothelial dysfunction in obesity (reviewed in [128, 129] . As mentioned above, vaspin has been shown to reduce ROS generation induced by hyperglycemia and increased MGO/AGE, conditions typical for T2D. Also, vaspin attenuated platelet-derived growth factor-BB (PDGF-BB)-induced migration of VSMC and this effect was mediated by inhibition of intracellular ROS generation, which blunted phosphorylation of p38-MAPK and HSP27 signaling [130] . In addition, vaspin has been shown to enhance bioavailability of NO in endothelial cells. Vaspin increased both eNOS expression and activation via STAT3 signaling and, in parallel, induction of dimethylarginine dimethylaminohydrolase (DDAH) II expression, which is the enzyme responsible for the degradation of the endogenous inhibitor of eNOS in asymmetric dimethyl-L-arginine (ADMA) [131] . Vaspin counteracted hyperglycemia induced eNOS inhibition in endothelial progenitor cells by inducing eNOS expression and activity via activation of the PI3-AKT pathway [132] . Vasodilation by NO is induced by increased intracellular Ca 2+ levels or by acetylcholine receptor agonists like acetylcholine (ACh). Vaspin increased ACh-induced vaso-relaxation and ACh-induced eNOS phosphorylation in rat mesenteric arteries, while it had no effect on relaxation induced by other NO-inducing vasodilators such as histamine or carbachol and it also did not affect vasocontraction [133] .
Interestingly, these effects were induced by vaspin mediated inhibition of ACh esterase (AChE) activity by ~25%. With respect to the catalytic mechanism of AChE to convert ACh to choline and acetic acid, which has similarities to serine proteinases, it was speculated that vaspin may directly inhibit AChE via the serpin mechanism [133] .
These in vitro findings were confirmed in spontaneous hypertensive rats (SHR) in vivo. Rats receiving long-term intraperitoneal vaspin application over 4 weeks maintained significantly lower systolic blood pressure (SBP). In isolated artery from SHR rats, vaspin did not alter vessel reactivity, but reduced arterial wall hypertrophy and ameliorated inflammatory TNF-a expression and ROS generation [134] . In accordance, in an animal model of monocrotaline (MCT)-induced pulmonary arterial hypertension (PAH), vaspin ameliorated PA pressure. In isolated PA, vaspin averted MCT-induced fibrosis but not hypertrophy of the vessel wall and reduced MCT-induced ROS generation and MMP-2 activation in lung tissues [122] .
In apolipoprotein E deficient mice, a mouse model spontaneously developing atherosclerotic lesions, vaspin_lentivirus application inhibited the progression of atherosclerotic plaque development [135] . Vaspin_lentvirus application did not cause major alterations in the blood lipid profile, but reduced ER-stress in macrophages of ApoE-deficient mice [135] .
Dysfunction of the endothelial barrier of pulmonary endothelial cells entails excessive leakage of fluid in the acute respiratory distress syndrome (ARDS). Using a lipopolysaccharide (LPS)induced mouse model of ARDS, it was shown that vaspin dampened pulmonary inflammation and improved endothelial barrier function accompanied by activation of the AKT/GSK3 pathway [136] . In isolated human pulmonary endothelial cells, vaspin treatment blunted LPSinduced generation of ROS, ameliorated inflammation and reduced apoptosis with contributions via the AKT signaling [136] .
Together, these data clearly established beneficial effects of vaspin counteracting vascular inflammation, excessive ROS production and NO bioavailability ( Figure 4 ) and thus demonstrate its potential to preserve vascular function, lower blood pressure and the endothelial barrier.
Vaspin in the brain -central action of vaspin
In addition to their direct effects on peripheral tissues, many prominent hormones and adipokines such as insulin, leptin and adiponectin regulate energy expenditure and glucose homeostasis through central actions in the brain (reviewed in [137, 138] ). Based on the detection of vaspin in cerebrospinal fluid, Klöting et al. first reported central effects of vaspin [63] . Intracerebroventricular (icv) administration of vaspin acutely decreased food intake and lowered blood glucose levels in healthy C57BL/6N and obese db/db mice. Interestingly, in obese and insulin resistant db/db mice glucose levels remained lower for six days after a single icv injection of vaspin [63] . Also, intrahypothalamic injection of vaspin in healthy and lean Wistar rats reduced food intake in 24 h after injection [139] . In the hypothalamus, vaspin injection reduced expression of orexigenic neuropeptide Y accompanied by a parallel increase in anorexigenic proopiomelanocortin expression 24 h after injection [139] . Expression of AgRP, orexin-A, CART and CRH remained unchanged.
Luo et al. focused in detail on the central vaspin effects on glucose homeostasis after icv application in rats fed a chow or HFD [140] . Again and under both diet regimes, food intake was acutely decreased for 24 h after a single vaspin bolus. In the HFD-fed rats, icv vaspin also increased the metabolic rate and elevated hypothalamic Fos expression. Neuronal Fos is expressed following voltage gated calcium influx and rapidly and transiently induced by neuronal excitation [141] . Continuous icv infusion of vaspin during hyperinsulinemiceuglycemic clamps increased glucose infusion rates necessary to maintain euglycemia, but only in the HFD animals. The increased insulin sensitivity was based on reduced hepatic glucose production, with the reduction of gluconeogenesis and glycogenolysis contributing 60% and 40%, respectively. Together, the suppression of hepatic glucose flux indicated improved hepatic insulin sensitivity and was accompanied by increased phosphorylation and activation of the insulin signaling cascade in HFD fed rats after icv vaspin [140] . Signaling via the hepatic branch of the vagus nerve was investigated as an underlying mechanism of these regulatory effects. Indeed, hepatic vagotomy prevented central vaspin effects in clamp experiments and demonstrated that hepatic innervation is required for the glucose lowering effects of central vaspin [140] . In the brain, pharmacologic inhibition of NMDA receptors in dorsal vagal complex also prevented icv vaspin effects on glucose infusion rates and hepatic glucose production, indicating that vaspin signaling is transmitted by NMDA receptor expressing neurons in the DVC to nucleus of the solitary tract and subsequently to the liver via the hepatic branch of the vagus nerve [140] . The finding of a neural signaling axis from the brain to the liver mediating central vaspin effects on energy balance, glucose homeostasis and insulin signaling ( Figure 5 ) raises many new questions. It is unknown whether these effects are mediated by vaspin expressed in peripheral tissues or by specific neurons in the brain.
Additionally, it remains unclear, whether these effects are direct effects of vaspin acting on specific neurons binding to cell surface receptors such as GPR78 (Figure 3 ). Also indirect mechanisms via the regulation of protease activities and their substrates (e.g. KLK7 and insulin) could contribute as well, as central insulin is known to decrease food intake and to increase energy expenditure via POMC neurons and the DVC [142, 143] .
Vaspin in bone
There is a wealth of experimental evidence for the modulation of metabolic bone function by adipokines (reviewed in [144] ). In patients with rheumatoid arthritis (RA), a chronic inflammatory joint disease, vaspin serum levels were increased [145] and vaspin levels were also elevated in synovial fluid of RA, but not in osteoarthritis (OA) patients [146] . In line, a follow-up study investigating the risk of developing RA in auto-antibody positive patients found a significant association between vaspin serum levels and the pathogenesis of RA, even after adjustment for overweight [147] . Studies evaluating the relationship between vaspin and bone mineral density (BMD) obtained diverging results. In inflammatory disease states, no correlation was found between vaspin and BMD in patients with multiple sclerosis [148] or inflammatory bowel disease [149] . In contrast, a recent study in post-menopausal women (22% of the cohort had osteoporosis) revealed a significant positive association between vaspin serum levels and BMD in femoral neck (FN) and total hip after adjustment for age, body composition and various other parameters [150] .
The role of vaspin in bone metabolism has been investigated in in vitro studies demonstrating bilateral effects on both, bone-forming osteoblasts and bone-resorbing osteoclasts. In vitro, vaspin protected human osteoblasts from apoptosis in a dose-dependent manner [151] . On the cellular level, vaspin treatment resulted in enhanced protein expression of anti-apoptotic Bcl-2 and attenuated pro-apoptotic Bax expression via activation of the MAPK/ERK signaling pathway. Interestingly, vaspin treatment had no effects on PI3-K/AKT, p38 or JNK pathways in human osteoblasts [151] . On the other hand, recent studies in the murine pre-osteoblast MC3T3-E1 cell line revealed an inhibitory or at least a modulating effect of vaspin on osteogenic differentiation [152] . In particular, vaspin dose-dependently attenuated osteogenic differentiation by activation of the PI3K-signaling pathway leading to elevated miR-34c levels which reversely modulate the activation of PI3K-Akt signaling by targeting the tyrosine kinase receptor c-met. Thus, vaspin seems to participate in a regulatory PI3K-Akt/miR-34c loop involved in osteogenic differentiation [152] . Along these lines, RANKLinduced osteoclastogenesis of RAW264.7 and bone marrow-derived cells was prevented by vaspin treatment through inhibition of the master regulator of osteoclastogenesis, nuclear factor of activated T cells c1 (NFATc1) [153] . In RAW264.7 cells, vaspin inhibited RANKLinduced expression of bone resorption-related proteases cathepsin K and MMP-9 [153] . While the molecular mechanisms remain to be fully understood, these data indicate a dynamic regulation of bone metabolism by vaspin with induction of bone-formation and suppression of bone erosion ( Figure 5 ). This dual action profile suggests therapeutic value for the treatment of osteoporosis or rheumatoid arthritis.
Vaspin in skin
Psoriasis is a chronic inflammatory skin disease and commonly associated with other pathological conditions such as obesity and T2D [154] . In 2012, Saalbach et al. reported first evidence linking vaspin expression in skin with psoriatic skin disease [59] . They identified keratinocytes as the major source of skin-derived vaspin and compared psoriatic skin biopsies of lesional and non-lesional areas. Interestingly, in non-lesional skin, vaspin expression was detectable across all epidermal layers, while it was decreased in lesional psoriatic skin [59] .
However, an association of vaspin serum levels and psoriasis is still discussed controversial. While Saalbach et al. did not observe differences in vaspin levels in healthy and psoriatic patients [59] , other studies observed vaspin serum levels significantly decreased in patients with psoriasis [155] or systemic sclerosis with digital ulcers [156] . After the identification of KLK7 as a protease target of vaspin, subsequent studies revealed distinct co-expression of vaspin with its target protease KLK7 in healthy skin as well as non-lesional skin of psoriasis patients while co-localization and expression was decreased in lesional psoriatic skin sections [157] . KLK7 is a chymotryptic serine protease that was initially identified in skin, where it is involved in the skin desquamation process [33] and overexpression and aberrant activity of KLK7 is related to pathogenesis of inflammatory skin diseases such as psoriasis [34] and acne rosacea [35] . This lead to the hypothesis that vaspin may be involved in the fine-tuned balance of proteases involved in the regulation of inflammatory processes in the skin.
Recently, Saalbach et al. also investigated the role of vaspin in dysregulated immune cell and keratinocyte interaction leading to chronic inflammatory skin diseases [41] . Vaspin expression was highly dynamic during the differentiation stages of the epidermis and down-regulation of vaspin expression in keratinocytes lead to the activation of an altered gene cluster, characterized by reduced expression of differentiation-associated genes and an increased expression of proinflammatory cytokines. Moreover, vaspin expression in keratinocytes modulated the crosstalk between keratinocytes and immune cells in co-culture, thereby affecting the cytokine secretion profile of the inflammatory cells. These data suggest a protective role of vaspin in inflammatory skin diseases which was supported by in vivo experiments, in which vaspin application prevented myeloid cell infiltration in a psoriasis-like mouse model [41] .
Concluding remarks
In conclusion, the recent years have established vaspin as a multifaceted molecule with beneficial functions in various tissues, whether in auto-or endocrine ways or signaling from the brain to target tissues such as the liver (Figure 6 ). We have discussed the diverse effects of vaspin in vivo and in vitro, and the data suggests that the main principle of vaspin function is to protect cells and tissues from inflammation under proinflammatory conditions found in obesity. And this protective, compensating or counteracting function, whether in adipocytes, vascular, skin or bone cells, seems to be executed via both, the regulation of protease activity and the interaction with cell surface receptors such as GRP78. Yet, the exact underlying mechanisms of signal transduction for many of the reported effects of vaspin remain to be elucidated and more research is needed to dissect the contributing pathways. Very likely, further receptors and target proteases are to be identified. A better understanding of these divers signaling pathways utilized by vaspin will help to employ this molecule, agonists of its receptors or inhibitors of its target protease(s) for new pharmacologic strategies to treat obesity associated inflammation, insulin resistance and atherosclerosis. [158] ) and vaspin (pdb code 4IF8, [17] ), as well as heparin binding modes for both proteins were modeled using the ClusPro web server [159] and both tetrasaccharides were connected by a dashed line indicating binding of a long-chained heparin bridging both proteins. KLK7 is colored in grey and red whereas vaspin is colored in blue and red. Nglycosylation and heparin tetrasaccharides are presented as yellow spheres and purple sticks, respectively. Close-up presentations show models of vaspin N-glycosylation near the RCL (N221 and N267; yellow) (upper box) as well as the binding mode of a heparin tetrasaccharide to basic residues of β-sheet A in vaspin (shown as blue sticks, lower box). N-glycosylation was generated using the NetNGlyc 1.0 web server [160] and the structure was produced with GlyProt [161] . The RCL of vaspin was constructed by homology modelling based on a template RCL structure (pdb code 1UHG [162] ) and is shown in orange with residues P1 and P1' shown as sticks. Residues of the catalytic triad in KLK7 are shown as grey sticks. Of note, in the close-up presentations, viewing angles were changed compared to the presentation of the complete molecules. Figures were generated using PyMOL.
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Figure 3 Molecular interactions of vaspin and tissue specific signaling. Direct interactions of vaspin
with the GRP78 / MTJ1 complex provoke intracellular signaling cascades such as AKT, AMPK and MAPK in hepatocytes. This interaction also ameliorates ER stress response by inhibiting the translocation of GRP78 from the ER to the plasma membrane. Inhibition of the insulin-degrading enzyme KLK7 via the serpin mechanism is linked to increased insulin signaling and localization of vaspin in the ECM may direct vaspin interaction with ECM or cell surface proteins in various tissues. In endothelial cells, vaspin exerts anti-apoptotic effects by preventing Kringel5 binding to the GRP78/VDAC complex, impeding the increase of intracellular Ca 2+ levels. Vaspin-mediated activation or inhibition of pathways or molecules is indicated by green or red arrows, respectively. α2M: alpha-2 macroglobulin. Vaspin also attenuates osteogenic differentiation via a PI3K-AKt/miR-34c signaling loop. Vaspinmediated activation or inhibition of pathways or molecules is indicated by green or red arrows, respectively.
Figure 6 Beneficial effects of vaspin in different tissues and organs that counteract obesity-induced inflammation, insulin resistance and other associated diseases. Central vaspin (application)
attenuates food intake and reduces hepatic glucose production (HGP) via the hepatic branch of the vagus nerve accompanied by reduced hepatic lipid accumulation and increased insulin signaling in the liver. In white adipose tissue (WAT), vaspin reduces inflammation and enhances insulin signaling and vaspin expression in brown adipose tissue (BAT) is specifically upregulated upon BAT-activating stimuli.
Vaspin counteracts endothelial dysfunction via the combination of its anti-inflammatory effects and by reducing ROS generation while enhancing NO availability. In bone, vaspin modulates bone formation via the regulation of osteoblasts and osteoclast while in skin vaspin alleviates inflammatory processes and affects desquamation by regulating the activity of its target protease KLK7. CNS: central nervous system.
